Brain tumors are highly aggressive, characterized by the secretion of high levels of matrix metalloproteinase (MMP)-2 and MMP-9 that degrade the extracellular matrix and basement membrane, allowing cancer cells to spread to distal organs. Various cytokines, mitogens, growth factors, inducers and inhibitors control MMP activity. We investigated the roles of these in the regulation of MMP-2 and MMP-9 in human glioblastoma T-98G cells. Human T-98G cells were grown in DME supplemented with 15% fetal bovine serum and antibiotics in 24-well tissue culture plates. At near confluence, cells were washed with phosphate-buffered saline and incubated in serum-free media with: phorbol 12-myristate 13-acetate (PMA) at 10, 25, 50 and 100 ng/ml; tumor necrosis factor (TNF)-α and interleukin (IL)-1β at 0.1, 1, 10 and 25 ng/ml; lipopolysaccharide (LPS) at 10, 25, 50 and 100 µg/ml; epigallocatechin gallate (EGCG) and doxycycline (Dox) at 10, 25, 50 and 100 µM without and with PMA; a nutrient mixture (NM) containing lysine, proline, ascorbic acid and green tea extract without and with PMA at 10, 50, 100, 500 and 1,000 µg/ml; actinomycin D and cyclohexamide at 2 and 4 µM; retinoic acid and dexamethasone at 50 µM. After 24 h the media were removed and analyzed for MMP-2 and MMP-9 by zymography and densitometry. Glioblastoma T-98G cells expressed only one band corresponding to MMP-2. PMA treatment showed increased MMP-2 and MMP-9 secretions up to 25 ng/ ml and decreased levels of secretions at 50 and 100 ng/ml, with no significant overall effect. TNF-α induced an up and down effect on MMP-2 and a slight induction of MMP-9. IL-1β demonstrated a slight dose-dependent increase in T-98G secretion of MMP-2, but no induction of MMP-9. LPS showed dose-dependent decreased inactive MMP-2 secretion, increased active MMP-2 secretion and no effect on MMP-9. EGCG, Dox and NM, without and with PMA, downregulated the expression of MMP-2 and MMP-9 in a dose-dependent manner. Actinomycin D, cyclohexamide, retinoic acid and dexamethasone also had inhibitory effects on MMP-2. Our results showed that cytokines, mitogens and inhibitors modulated T-98G cell MMP-2 and MMP-9 expression, suggesting the clinical use of MMP inhibitors, particularly such potent and non-toxic ones as the nutrient mixture and its component EGCG in the management of glioblastoma cancers.
Introduction
The American Cancer Society estimated ~23,670 new cases and 16,050 deaths from brain and nervous system tumors in adults and children in 2015 (1) . The most common causes of cancer-related deaths in adolescents and young adults aged 15-39 are malignant brain tumors (2) . Gliomas, tumors arising from the supportive tissue of the brain, represent 27% of all brain tumors and 80% of all malignant tumors (2) . Glioblastomas, which represent 15.1% of all primary brain tumors and 55.1% of all gliomas, constitute the highest number of cases of all malignant tumors, with an estimated 12,120 new cases predicted in 2016 (2) .
Brain tumors are prone to recur locally or invade other regions of the central nervous system (CNS). Tumor cell invasion is dependent upon degradation of the extracellular matrix (ECM), which, when intact, acts as a barrier to block cancer cell invasion (3) (4) (5) . Numerous clinical and experimental studies have demonstrated that elevated levels of matrix metalloproteinases (MMPs) are associated with the progression of brain tumors. Elevated levels of several MMPs, such as MMP-1, MMP-2, MMP-7, MMP-9, MMP-11, MMP-12, MMP-14, MMP-15, MMP-19, MMP-24 and MMP-25 have been reported in malignant glioma samples from patients, suggesting that malignant progression is correlated to MMP expression (6) . Jäälinojä et al found that mean survival in patients with MMP-2-negative tumors was 36 months in contrast to 7-14 months in those patients with MMP-2-positive tumors (7) . Smith et al reported that immunohistochemical examination of urine, cerebrospinal fluid and tissue specimens from patients with brain tumors, revealed a significant correlation between brain tumor presence and elevated MMP-2 and MMP-9 levels and that resection of tumors correlated with decreased levels of MMPs (8) .
MMP activity is regulated by and dependent upon environmental influences from surrounding stroma cells, ECM proteins, systemic hormones and other factors. Inflammation has been reported to drive cancer progression (9) (10) (11) . Inflammatory cytokines such as interleukin (IL)-1β and tumor necrosis (TNF)-α play significant roles in inflammation driven tumor growth and progression (12, 13) . These cytokines were found to be upregulated following radiation therapy in glioblastoma patients (14, 15) . Ilyin et al noted that IL-1β drives neuroinflammation by upregulating expression of other pro-inflammatory cytokines (16) . Ryuto et al reported the induction of vascular endothelial growth factor (VEGF) expression by TNF-α in gliomas, which leads to the increased angiogenesis observed in these tumors (17) .
In the present study, we investigated the effects of select cytokines, inducers and inhibitors affecting cancer cell metabolism on the regulation of MMP-2 and MMP-9 activities in the glioblastoma T-98G cell line.
Materials and methods
Materials. Human glioblastoma T-98G cells were obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA). Antibiotics, penicillin and fetal bovine serum (FBS) were obtained from Gibco-BRL (Long Island, NY, USA). Twenty-four well tissue culture plates were obtained from Costar (Cambridge, MA, USA). Gelatinase zymography was performed on 10% Novex pre-cast SDS polyacrylamide gel (Invitrogen Inc., Carlsbad, CA, USA) with 0.1% gelatin in non-reducing conditions. Interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), phorbol 12-myristate 13-acetate (PMA), lipopolysaccharide (LPS), doxycycline, epigallocatechin gallate (EGCG), actinomycin D, cyclohexamide, retinoic acid and dexamethasone were purchased from Sigma (St. Louis, MO, USA). The nutrient mixture (NM), prepared by VitaTech (Hayward, CA, USA), was composed of the following ingredients in the relative amounts indicated: vitamin C (as ascorbic acid and as Mg, Ca and palmitate ascorbate) 700 mg; L-lysine 1,000 mg; L-proline 750 mg; L-arginine 500 mg; N-acetyl cysteine 200 mg; standardized green tea extract (80% polyphenol) 1,000 mg; selenium 30 µg; copper 2 mg; manganese 1 mg. All other reagents used were of high quality and were obtained from Sigma, unless otherwise indicated.
Cell cultures. Glioblastoma cells were grown in DME, supplemented with 15% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin in 24-well tissue culture plates. The cells were plated at a density of 1x10 5 cells/ml and grown to confluency in a humidified atmosphere at 5% CO 2 at 37̊C. Serum-supplemented media were removed and the cell monolayer was washed once with phosphate-buffered saline (PBS) and with the recommended serum-free media. The cells were then incubated in 0.5 ml of serum-free medium with various cytokines, mitogens, inducers and inhibitors in triplicates, as indicated: PMA (10, 25, 50 and 100 ng/ml); TNF-α and IL-1β (0.1, 1, 10 and 25 ng/ml); LPS (10, 25, 50 and 100 µg/ml); EGCG (10, 25, 50 and 100 µM) without and with PMA 100 ng/ml; doxycycline (10, 25, 50 and 100 µM) without and with PMA 100 ng/ml; NM (10, 50, 100, 500 and 1,000 µg/ml) without and with PMA 100 ng/ml, retinoic acid (50 µM); dexamethasone (50 µM); actinomycin D and cyclohexamide (2 and 4 µg/ml).
The plates were then returned to the incubator. The conditioned medium from each treatment was separately collected, pooled and centrifuged at 4̊C for 10 min at 3,000 rpm to remove cells and cell debris. The clear supernatant was collected and used for gelatinase zymography, as described below.
Gelatinase zymography. Gelatinase zymography was utilized due to its high sensitivity to gelatinolytic enzymatic activity and ability to detect both pro and active forms of MMP-2 and MMP-9. Upon renaturation of the enzyme, the gelatinases digest the gelatin in the gel and reveal clear bands against an intensely stained background. Gelatinase zymography was performed using 10% Novex pre-cast SDS polyacrylamide gel in the presence of 0.1% gelatin under non-reducing conditions. Culture media (20 µl) were mixed with sample buffer and loaded for SDS-PAGE with Tris-glycine SDS buffer, as suggested by the manufacturer (Novex). Samples were not boiled before electrophoresis. Following electrophoresis, the gels were washed twice in 2.5% Triton X-100 for 30 min at room temperature to remove SDS. The gels were then incubated at 37̊C overnight in substrate buffer containing 50 mM Tris-HCl and 10 mM CaCl 2 at pH 8.0 and stained with 0.5% Coomassie Blue R250 in 50% methanol and 10% glacial acetic acid for 30 min and destained. Protein standards were concurrently run and approximate molecular weights were determined by plotting the relative mobilities of known proteins. Gelatinase zymograms were scanned using CanoScan 9950F Canon scanner at 300 dpi. The intensity of the bands was evaluated using the pixel-based densitometer program Un-Scan-It, version 5.1, 32-bit, by Silk Scientific Corporation (Orem, UT, USA), at a resolution of 1 Scanner Unit (1/100 of an inch for an image that was scanned at 100 dpi).
Statistical analysis. Microsoft Excel 2010 linear trend analysis was utilized to determine the linear trend analyses of the densitometry results.
Results

Effects of inducers and cytokines on glioblastoma T-98G secretion of MMP-2 and MMP-9.
Glioblastoma T-98G cells expressed a band corresponding to MMP-2. Table I shows the quantitative densitometry results from the effects of PMA, TNF-α, IL-1β and LPS on MMP-2 and MMP-9 expression in the T-98G cells. Upon gelatinase zymography, T-98G cells demonstrated strong expression of MMP-2 and induction of MMP-9 with PMA treatment. PMA treatment showed increased MMP-2 secretion from 0-25 ng/ml and decreased secretion at 50 and 100 ng/ml with no significant overall effect on expression of MMP-2 (linear trend R 2 =0.153). PMA showed increased MMP-9 secretion from 10 to 25 ng/ml followed by decreased secretion at 50 and 100, again with no significant overall effect on secretion of MMP-9 (linear trend R 2 =0.281). See Fig. 1 for PMA results. T-98G cells demonstrated strong expression of MMP-2 and slight induction of MMP-9 with TNF-α treatment. TNF-α treatment showed increased MMP-2 secretion from 0-1 ng/ml and decreased secretion at 10 and 25 ng/ml with no significant overall effect on expression of MMP-2 (linear trend R 2 =0.0.066). TNF-α showed dose-dependent increased MMP-9 secretion (linear trend R 2 =0.721). See Fig. 2 for TNF-α results. IL-1β demonstrated a slight dose-dependent increase in T-98G secretion of MMP-2 (linear trend R 2 =0.529), but no induction of MMP-9. See Fig. 3 for IL-1β results. LPS treatment showed dosedependent decreased inactive MMP-2 secretion (linear trend R 2 =0.473) and increased active MMP-2 secretion (linear trend R 2 =0.977) ( Fig. 4) .
Effects of chemical inhibitors on glioblastoma T-98G
cell secretion of MMP-2 and MMP-9. Table II shows the quantitative densitometry results from the effects of chemical inhibitors doxycycline, actinomycin D, cyclohexamide and dexamethasone on MMP-2 and MMP-9 expression in the glioblastoma T-98G cell line. Doxycycline inhibited T-98G cell MMP-2 secretion in a dose-dependent manner with 73% blockage at 100 µM (linear trend R 2 =0.899). Following treatment with PMA 100 ng/ml, doxycycline downregulated the expression of T-98G cell MMP-2 in a dose-dependent manner, with 73% blockage at 100 µM (R 2 =0.898) and total blockage of MMP-9 at 10 µM (linear trend R 2 =0.500). See Fig. 7 . Dexamethasone had a moderate inhibitory effect on MMP-2, with inhibition of 23% at 50 µM compared to the control (Fig. 8) . Table II shows the quantitative densitometry results from the effects of natural inhibitors EGCG, the NM and retinoic acid on MMP-2 and MMP-9 expression in glioblastoma T-98G cells. EGCG potently downregulated T-98G expression of MMP-2 in a dose-dependent manner, with total blockage at 50 µM (linear trend R 2 =0.712), as shown in Fig. 9A and C. EGCG showed dose-dependent inhibition of PMA (100 ng/ml)-induced MMP-9 secretion (linear trend R 2 =0.866) and of MMP-2 (linear trend R 2 =0.877) with total blockage of both at 50 µM, as shown in Fig. 9B and D. NM inhibited secretion of MMP-2 by uninduced T-98G cells in a dose-dependent manner (linear trend R 2 =0.8706) with virtual total block at 1,000 µg/ml ( Fig. 10A and C) . NM showed dose-dependent inhibition of MMP-2 and MMP-9 expression in PMA-treated T-98G cells with total blockage of MMP-2 at 1,000 µg/ml and MMP-9 at 100 µg/ml (linear trends R 2 =0.863 and 0.742, respectively), as shown in Fig. 10B and D. Retinoic acid inhibited T-98G MMP-2 secretion by 54% at 50 µM (Fig. 8 ).
Effects of natural inhibitors on glioblastoma T-98G secretion of MMP-2 and MMP-9.
Discussion
Elevated MMP levels correlate with glioblastoma tumor progression, as documented in clinical studies (6) (7) (8) . Thus, knowledge of MMP regulation is of importance for developing therapeutic strategies for glioblastoma. Extracellular factors, such as the inflammatory cytokines IL-1β and TNF-α have been implicated in inflammation-driven tumor growth and progression of glioblastoma (12, 13) . Esteve et al reported that production of MMP-9 in glioma cells is tightly regulated by IL-1, TNFα and TGFβ 2 (18) .
In the present study, we compared MMP secretion patterns by inducers, cytokines and mitogens, such as PMA, TNFα, IL-1β and LPS in glioblastoma T-98G cells. Surprisingly, we found that MMP-9 was not significantly Table II . Effect of inhibitors on glioblastoma T-98G MMP-2 and MMP-9 secretion. Untreated PMA 100 ng/ml-treated anticancer efficacy in various in vitro and in vivo studies by affecting various mechanisms, including secretion of MMPs (19) . Optimal ECM structure is dependent upon sufficient ascorbic acid, lysine and proline to support proper collagen synthesis and hydroxylation of collagen fibers. Lysine also contributes to ECM stability as a natural inhibitor of plasmin-induced proteolysis (20, 21) . Copper and manganese act as co-factors for hydroxylase enzymes and galactosyl and glucosyl transferases, respectively, to form collagen (22, 23) . Green tea extract has been shown to be potent in modulating cancer cell growth, apoptosis, metastasis and angiogenesis (23) (24) (25) (26) (27) (28) (29) , and daily consumption has demonstrated delayed cancer onset of breast cancer, as well as a lower recurrence rate and longer remission (30) . N-acetyl cysteine and selenium have been documented to inhibit tumor cell MMP-9 and invasive activities and migration of endothelial cells through the ECM (31) (32) (33) . Ascorbic acid has been documented to modulate cancer cell and tumor growth as well as to prevent metastasis (34) (35) (36) (37) (38) (39) and low levels of ascorbic acid are found in cancer patients (40, 41) . Low levels of arginine limit NO production, an inducer of apoptosis (42) .
In conclusion, our results showed that inducers, cytokines and mitogens showed variable effects on T-98G cell secretion of MMP-2 and MMP-9. However, all inhibitors tested downregulated glioblastoma T-98G cell MMP-2 and MMP-9 secretion, suggesting the clinical use of MMP inhibitors, particularly potent and non-toxic ones as the nutrient mixture and its component EGCG in the management of glioblastomas. 
